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Highlights
 We initiated international surveys for comparison of cholesterol and NCS analysis  We are surprised by the very great differences between the laboratories  A harmonisation of analytical standard methods is highly needed A C C E P T E D M A N U S C R I P T Abstract Serum concentrations of lathosterol, the plant sterols campesterol and sitosterol and the cholesterol metabolite 5α-cholestanol are widely used as surrogate markers of cholesterol synthesis and absorption, respectively. Increasing numbers of laboratories utilize a broad spectrum of well-established and recently developed methods for the determination of cholesterol and non-cholesterol sterols (NCS). In order to evaluate the quality of these measurements and to identify possible sources of analytical errors our group initiated the first international survey for cholesterol and NCS. The cholesterol and NCS survey was structured as a two-part survey which took place in the years 2013 and 2014. The first survey part was designed as descriptive, providing information about the variation of reported results from different laboratories. A set of two lyophilized pooled sera (A and B) was sent to twenty laboratories specialized in chromatographic lipid analysis. The different sterols were quantified either by gas chromatography-flame ionization detection, gas chromatography-or liquid chromatography-mass selective detection. The participants were requested to determine cholesterol and NCS concentrations in the provided samples as part of their normal laboratory routine. The second part was designed as interventional survey. Twenty-two laboratories agreed to participate and received again two different lyophilized pooled sera (C and D) . In contrast to the first international survey, each participant received standard stock solutions with defined concentrations of cholesterol and NCS. The participants were requested to use diluted calibration solutions from the provided standard stock solutions for quantification of cholesterol and NCS. In both surveys, each laboratory used its own internal standard (5α-cholestane, epicoprostanol or deuterium labelled sterols).
Main outcome of the survey was, that unacceptably high interlaboratory variations for cholesterol and NCS concentrations are reported, even when the individual laboratories used the same calibration material. We discuss different sources of errors and recommend all laboratories analysing cholesterol and NCS to participate in regular quality control programs.
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Introduction
Serum or plasma concentrations of the cholesterol precursors lanosterol, lathosterol, and desmosterol are widely used as surrogate markers of endogenous cholesterol synthesis [1] . The cholesterol metabolite 5α-cholestanol and the plant sterols campesterol and sitosterol are used as markers of cholesterol absorption [2, 3] . These non-cholesterol sterols (NCS) show even stronger correlations with cholesterol absorption and synthesis when expressed as ratios to total cholesterol, which standardizes for variations in sterol transport protein concentrations [4] .
Specifically, when reporting NCS as their ratios to cholesterol, the cholesterol measurement should ideally be performed from the same sample preparation as for the NCS analysis. Here, we reflect the comparability of cholesterol and NCS concentrations determined by different separation and detection methods and discuss the suitability of different compounds used as internal standards for sterol quantification. Twenty laboratories specialized in chromatographic lipid analysis, by either gas-or liquid-chromatography were enrolled to participate in this first survey part. The second part of the international cholesterol and neutral sterol survey took place one year later in 2014.
Twenty-two laboratories participated in the second survey whereof five laboratories attended for the first time. Contrary to the first survey, the second was designed as an interventional trial. The focus was on the influence of the utilized calibration
solutions and the participants were requested to use provided stock solutions for the quantification of the sample material.
Materials and Methods
The participants submitted results from six different methods for sterol determination:
capillary gas chromatography-flame ionisation detection (GC-FID) with either 5α-cholestane (5α-chol) or epicoprostanol (epi) as internal standard (GC-FID-5α-chol and GC-FID-epi, respectively), capillary GC-mass selective detection (MSD) with either 5α-chol, epi or deuterium labelled sterols as internal standards (GC-MSD-5α-chol, GC-MSD-epi and GC-MSD-deuterium, respectively) and high performanceliquid chromatography (HPLC) with MSD and deuterated sterols (LC-MSD-deuterium) used as internal standard. Since each laboratory was requested to use its specific routine analytical method, the work-up procedure and determination setting are strikingly different for the individual participants. Table 1 shows an overview of the reported sample work-up conditions, chemicals, chromatographic columns, and instrumentation for GC analyses used in the surveys. Most of the laboratories used alkaline hydrolysis in order to deconjugate fatty acid esterified sterols and thus analysing total serum sterol concentrations after derivatisation of the free hydroxyl groups. One laboratory, using LC-MSD, quantified free and esterified fraction of the freeze-dried test-samples in order to calculate the total concentration. Some laboratories used fully automated peak integration and quantitation software belonging to the software package of the supplier. Others integrated the individual peaks half-automatically using self-created integration and evaluation macros with the option to supervise and correct integration of each peak. It should be emphasized that the individual sample work-up procedures or detection specifications cannot be reported within this article because of the anonymization of the participants. Since the freeze-dried serum samples were routinely used in round-robin tests of the RfB, it was possible to give a reference value (target concentration) only for cholesterol. The The mean values, standard deviation, minimum and maximum values of all participants as well as the ratios of 5α-cholestanol, lathosterol, campesterol to cholesterol and the ratio lathosterol to campesterol are listed in Table 2 and 3 and shown in Figure 1 and 2.
The first international cholesterol and NCS survey
Twenty laboratories specialized in chromatographic lipid analysis participated in this were used by the participant.
The second international cholesterol and NCS surveyTwenty-two laboratories
participated in the second survey whereof the results of five laboratories were included that attended for the first time. Two groups that attended the first survey
were not able to participate in the second survey. Again a set of two different lyophilized pooled sera (sample C and D) was sent to each participant and analysed with the individual determination method used in the routine operation of each laboratory. Contrary to the first survey the second part was designed as an interventional trial with focus on the influence of the utilized calibration solutions on cholesterol and NCS concentrations. Therefore, the participants were requested to
use the in glass ampoules provided stock solutions (containing cholesterol, 5α-cholestanol, lathosterol, campesterol, and sitosterol in the concentrations 1.0 mg/mL; 18.8 µg/mL, 18.8 µg/mL, 13.0 µg/mL, and 18.0 µg/mL; respectively). The stock solutions for the quantification of the sample material were generously provided by the Department of Laboratory Medicine, Division of Clinical Chemistry, Karolinska University Hospital, Karolinska Institutet, Huddinge, Sweden. All non-cholesterol sterols for the quantification of the sample material were purchased from SigmaAldrich. Data collection and result transmission procedure was identically to the above described protocol of the first survey part.
Statistical Analysis
Statistical parameters (mean values, standard deviations, coefficients of variation, maximum and minimum values) of the submitted concentrations of all participating laboratories were calculated. Conditions that impede a clear and strong statistical evaluation of the data set are the fact that different laboratories participated in the two surveys (only twelve laboratories participated in both surveys). For that reason, only a qualitative discussion of the data set is performed.
Results and Discussion
The results and subgroup analysis of cholesterol and NCS from the both surveys are listed in Table 2 and shown in Figure 1 , A1 to E2.
Cholesterol
In the first survey for chromatographically determined cholesterol ten different laboratories participated. The mean cholesterol concentrations determined by all ten participants were calculated for sample A (168 ± 42 mg/dL; CV 25.1%) and B (211 ± 45 mg/dL; CV 21.6%). The target concentrations specified by the RfB were 169 mg/dL (sample A) and 219 mg/dL (sample B). Five out of ten participants did not determine cholesterol concentrations within a ± 15% range of the target value. One participant was identified as outlier ( Figure 1 A1, a).
In the second survey part sixteen different laboratories attended from which eight participated in both surveys. The mean cholesterol concentrations determined by all sixteen participants were calculated for sample C (147 ± 43 mg/dL; CV 28.9%) and D
(220 ± 73 mg/dL; CV 33.0%). The target concentrations specified by the reference institute were 139 mg/dL (sample C) and 216 mg/dL (sample D). Only six out of sixteen participants reported cholesterol values that are within a ± 15% range of our accepted target value. One participant was identified as outlier ( Figure 1 A2, a).
The differences in reported cholesterol results are difficult for an interpretation.
Probably insufficient fatty acid deconjugation of the cholesterol esters during alkaline hydrolysis might have impaired the analysis of some participants. It is noteworthy that even with methods based on isotope dilution GC-MSD and use of an deuterated internal standard and the same calibration material two laboratories reported a difference of about 25%. Since our survey shows that two of the three laboratories using GC-FID reported excellent results, the present data does not enable the conclusion that deuterium labelled cholesterol used as internal standard is superior to the use of 5α-cholestane or epicoprostanol. The greatest variations in cholesterol determination were obtained using methods based on LC-MSD.
5α-Cholestanol
In the first survey for chromatographic analysis of serum 5α-cholestanol ten different The first survey revealed a 20-fold variation in the individual results between the highest and lowest reported concentration. Also, the second survey revealed widely scattered concentrations with four distinct outliers. Even after the exclusion of these outliers, a 2.5 fold variation between the highest and lowest included concentrations persisted in the second survey. One of the major problems with the 5α-cholestanol determination may be related to the fact that 5α-cholestanol has very similar chromatographic properties to cholesterol, whose concentration in serum are 300 fold higher. Therefore, the separation performance of the chromatographic system may be a critical for a reliable 5α-cholestanol quantification.
Lathosterol
In the first part of the survey for assay of lathosterol thirteen different laboratories Also, in both surveys a high variation in the reported sitosterol concentrations was observed. After removing 4 outliers in the second survey there was still a 2.0 fold difference between the highest and the lowest reported value.
Ratios of 5α-cholestanol, lathosterol, and campesterol to cholesterol and lathosterol to campesterol
Since the ratios of 5α-cholestanol, lathosterol, and campesterol to cholesterol and lathosterol to campesterol are the most common surrogate markers for absorption and synthesis rates, we calculated these ratios for sample A to D for all participants.
The results and subgroup analysis from the both surveys are listed in details in Table   2 and shown in Figure 2 A1 to D2.
5α-Cholestanol to cholesterol
In the first survey part four participants were included with calculated results for sample A (3.68 ± 3.04 µg/mg; CV 82.4%) and B (3.68 ± 3.02 µg/mg; CV 82.1%).
None of the participants determined 5α-cholestanol to cholesterol ratio within a ± 15% range of the mean value of all participants and one participant was identified as outlier ( Figure 2 A1, a) . The new corrected mean value for the remaining three laboratories were calculated for A (2.17 ± 0.11 µg/mg; CV 4.9%) and B (2.17 ± 0.08 µg/mg; CV 3.8%). All the remaining laboratories determined the 5α-cholestanol to cholesterol ratio within a ± 15% range of the corrected mean value.
In the second survey part seven participants were included with calculated results for sample A (2.10 ± 1.41 µg/mg; CV 67.1%) and B (2.41 ± 2.33 µg/mg; CV 96.5%).
None of the participants determined 5α-cholestanol to cholesterol ratio within a ± 15% range of the mean value of all participants and two participants were identified as outliers (Figure 2 A2, a and b) . The new corrected mean value for the remaining five laboratories were calculated for A (1.92 ± 0.49 µg/mg; CV 25.6%) and B (1.69 ± 0.17 µg/mg; CV 10.1%). Three of the remaining five laboratories determined the 5α-cholestanol to cholesterol ratio within a ± 15% range of the corrected mean value.
Lathosterol to cholesterol
In the first survey part seven participants were included with calculated results for sample A (1.48 ± 1.32 µg/mg; CV 89.1%) and B (1.41 ± 1.17 µg/mg; CV 82.8%). Two of the participants determined lathosterol to cholesterol ratio within a ± 15% range of the mean value of all participants and three participants were identified as outliers In the second survey part eleven participants were included with calculated results for sample A (1.28 ± 0.40 µg/mg; CV 31.4%) and B (1.15 ± 0.47 µg/mg; CV 40.5%). Five of the participants determined lathosterol to cholesterol ratio within a ± 15% range of the mean value of all participants and three participants were identified as outliers (Figure 2 B2, a to c) . The new corrected mean value for the remaining five laboratories were calculated for A (1.28 ± 0.15 µg/mg; CV 11.7%) and B (1.25 ± 0.15 µg/mg; CV 12.2%). Six of the remaining eight laboratories determined the lathosterol to cholesterol ratio within a ± 15% range of the corrected mean value.
Campesterol to cholesterol
In the first survey part eight participants were included with calculated results for sample A (3.94 ± 2.10 µg/mg; CV 53.2%) and B (4.20 ± 2.06 µg/mg; CV 49.0%).
None of the participants determined campesterol to cholesterol ratio within a ± 15%
range of the mean value of all participants and two participants were identified as outliers (Figure 2 C1, a and b) . The new corrected mean value for the remaining six laboratories were calculated for A (3.56 ± 0.99 µg/mg; CV 27.9%) and B (3.81 ± 1.17 µg/mg; CV 30.6%). Two laboratories determined the campesterol to cholesterol ratio within a ± 15% range of the corrected mean value.
In the second survey part thirteen participants were included with calculated results for sample A (3.71 ± 1.86 µg/mg; CV 50.1%) and B (3.70 ± 1.98 µg/mg; CV 53.5%).
One of the participants determined campesterol to cholesterol ratio within a ± 15% range of the mean value of all participants and five participants were identified as outliers (Figure 2 C2, a and e). The new corrected mean value for the remaining eight laboratories were calculated for A (3.24 ± 1.06 µg/mg; CV 32.7%) and B (3.24 ± 1.01 µg/mg; CV 31.3%). One of the remaining eight laboratories determined the campesterol to cholesterol ratio within a ± 15% range of the corrected mean value.
Lathosterol to campesterol
In the first survey part twelve participants were included with calculated results for sample A (0.45 ± 0.49 µg/µg; CV 109.6%) and B (0.52 ± 0.57 µg/µg; CV 109.2%).
One of the participants determined lathosterol to campesterol ratio within a ± 15% range of the mean value of all participants and six participants were identified as outliers (Figure 2 D1, a to f) . The new corrected mean value for the remaining six laboratories were calculated for A (0.35 ± 0.09 µg/µg; CV 26.2%) and B (0.33 ± 0.08 µg/µg; CV 24.1%). One laboratory determined the lathosterol to campesterol ratio within a ± 15% range of the corrected mean value.
In the second survey part fifteen participants were included with calculated results for sample A (0.55 ± 0.28 µg/µg; CV 51.5%) and B (0.54 ± 0.30 µg/µg; CV 56.4%).
Seven of the participants determined lathosterol to campesterol ratio within a ± 15%
range of the mean value of all participants and two participants were identified as outliers ( The coefficient of variation for the average value for the ratio of 5α-cholestanol, lathosterol-and campesterol to cholesterol were calculated to be between 31.4% and 96.5%, respectively. The coefficient of variation for the average value for the ratio of lathosterol to campesterol were calculated between 51.5 % to 109.2%. Here is to notice that the ratio of lathosterol to campesterol shows even higher variations probably because of the analytical challenges. It is noteworthy that this survey revealed a high variation for ratios of NCS to cholesterol which prevents definition of resilient threshold values.
Common Discussion
Unlikely to the other NCS assays, a target value for cholesterol could be reported in the present survey. For NCS assays the reported values could only be compared to the mean of values obtained from all participants or to a corrected mean value after removal of defined outlier. Thus, the true NCS analyte concentration could not be referred with certainty in any of these assays. Absolute reference methods have been developed for some analytes of diagnostic importance but for most analytes there is no "golden method" and we are thus restricted to compare results between different laboratories [9, 10] .
However, with the collected survey data on hand it is not possible to sufficiently evaluate the best chromatographic method for cholesterol and NCS determination in plasma or serum. It can be generally considered that the quality of the present type of cholesterol and NCS analysis is directly dependent upon the skill and experience of the analyst, the limitations of the analysis method, the sample quality and sampling itself, as well as on the quality of the calibration material and used internal standards.
Within the survey six different methods were used whereby all measurements dependent upon a critical chromatographic step, either gas-or liquid chromatography. Due to higher chromatographic efficiency and the reduced influence of matrix effects on ionisation and signal suppression, one would expect less analytical problems with gas chromatography compared to liquid chromatography. As ideal standard for cholesterol and NCS analysis it can be expected that the use of the same deuterium or 13 C isotope labelled molecule will result in the most precise mass spectrometric analysis. In respect to that it is to mention that the internationally accepted reference method for cholesterol is based on isotope-dilution massspectrometry combined with GC [8, 9] . [11] [12] [13] The use of common quantified calibration material slightly improved the variation of reported results even since individual laboratories and the number of participants is different in the two survey parts. Here, three points should be emphasized: First of all, commercially available standards do not always have the required purity of 99.0%
needed. Quality and purity of standard materials used should always be controlled if possible. In addition to this, the weighing of small milligram amounts is often challenging and is prone to generate errors. To avoid these effects of impurities and
weighing, we recommend to quantify the cholesterol and NCS calibration solutions by GC-FID (5α-cholestanol) before use. Lastly, calibration solutions independent if selfprepared or commercially sourced have a limited bench stability. Using the same solution over years might alter internal analyte concentrations. Therefore, used stock solutions should be newly prepared or re-quantified after a certain usage time by the above described method and old stock solutions should be analysed alongside the new for a short overlapping period.
Conclusions
We found surprisingly high variations in cholesterol and NCS concentrations obtained from analytical assays based on chromatographic separation. The participating laboratories specialized in lipid analysis reported astoundingly strong differences in the concentrations of neutral sterols in both survey parts. However, the use of common calibration materials slightly improved the variations in the reported concentrations, whereby still high variations were obtained in the second interventional survey part. In glance to this situation the evaluation of normal plasma or serum reference concentrations of neutral sterols is very challenging and nearly impossible. Furthermore, this survey gives evidence for the urgent need for quality control programs with interchange of samples between different laboratories in order to harmonize the chromatographic analysis of cholesterol and NCS from serum or plasma samples. In the future we intent to provide following ring trials for the quantification of cholesterol, oxidized cholesterols and neutral sterols based on chromatographic separation techniques and mass spectrometric or flame ionization detection methods.
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